Background. Mortality rates remain high for human immunodeficiency virus (HIV)-associated tuberculosis, and our knowledge of contributing mechanisms is limited. We aimed to determine whether hemostatic changes in HIV-tuberculosis were associated with mortality or decreased survival time and the contribution of mycobacteremia to these effects.
Tuberculosis is the most frequent cause of hospitalization and death in human immunodeficiency virus (HIV)-infected patients worldwide [1] . Mortality rates are particularly high among HIV-infected patients who start tuberculosis treatment in the hospital, ranging from 6% to 32% [2, 3] . The reasons for this remain to be fully elucidated. Mycobacteremia is common in patients with severe HIV-associated tuberculosis (HIVtuberculosis) [4] , but its contribution to the high mortality rates is uncertain [4] [5] [6] .
Bacterial sepsis is associated with activation of procoagulant responses, endothelial activation, inhibition of fibrinolysis, and decreased anticoagulant responses [7, 8] . In the most extreme cases, these changes lead to disseminated intravascular coagulation (DIC) and microvascular thrombosis [7, 9] . DIC is an important predictor of sepsis-related organ failure and death [7, 10, 11] . HIV infection can also result in hemostatic changes, with decreased concentrations of anticoagulant proteins, such as protein C and protein S [12, [13] [14] [15] [16] , and increased concentrations of coagulation and fibrinolytic markers, including D-dimer, tissue plasminogen activator (tPA), and plasminogen activator inhibitor type I (PAI-1), and markers of endothelial activation, including von Willebrand factor (vWF) and soluble vascular cell adhesion molecule 1 (VCAM-1) [12, 14, [16] [17] [18] [19] . Although active tuberculosis has been associated with certain coagulation abnormalities [20] and increased concentrations of matricellular proteins [21, 22] , much less is known about hemostatic changes during severe HIV-tuberculosis. Moreover, data on the impact of mycobacteremia on coagulation abnormalities in HIV-infected patients are, to the best of our knowledge, not available.
We hypothesized that HIV-tuberculosis is accompanied by hemostatic changes that resemble those found in bacterial sepsis, especially in patients with mycobacteremia, and that these changes would be associated with mortality.
In the current study we aimed to determine whether hemostatic changes, including coagulation, matricellular protein concentrations and endothelial activation in hospitalized patients with HIV-tuberculosis are associated with 12-week mortality rates. We also aimed to describe differences in concentrations of these markers in patients with HIV-tuberculosis with or without mycobacteremia, and in HIV-infected controls without active tuberculosis.
MATERIALS AND METHODS

Study Design and Population
This prospective, observational cohort study was conducted in Khayelitsha, Cape Town, South Africa. This township has a reported antenatal HIV seroprevalence of 34% [23] and a tuberculosis notification rate of 917 per 100 000 persons (City of Cape Town, unpublished 2015 data). Patients were recruited at 2 sites: Khayelitsha Hospital, a public sector hospital in the township, and the Ubuntu Clinic, an outpatient clinic in Khayelitsha.
The study populations are summarized in Figure 1 . Nonpregnant HIV-infected patients with CD4 cell counts <350/μL, with newly diagnosed tuberculosis or a high clinical suspicion of tuberculosis on admission to Khayelitsha Hospital were recruited between June and October 2014. Only those patients with microbiologically proved rifampicin-susceptible tuberculosis were included in the analyses reported here. Selection bias was minimized by using a random selection procedure. During weekdays the emergency and medical wards were screened for patients fulfilling inclusion criteria. Two patients a day were selected through a randomization process using dice. Nonpregnant HIV-infected outpatients with CD4 cell counts <350/μL without active tuberculosis were recruited at the Ubuntu Clinic as HIV-infected control patients.
Ethics
Ethical approval was obtained from the University of Cape Town Faculty of Health Sciences Human Research Ethics Committee (reference Nos. 057/2013 and 568/2014). Written informed consent was sought from all patients. Patients who were initially too ill to provide consent were enrolled and monitored daily. Patients were invited to provide informed consent Figure 1 . Study flow. Flow diagram showing an overview of methods, patient recruitment, and criteria for inclusion in this study. Between June and November 2014, we recruited adult patients immunodeficiency virus (HIV) infection, CD4 cell counts <350/µL, and a tuberculosis diagnosis or a high clinical suspicion of tuberculosis on admission to Khayelitsha Hospital. Patients who were pregnant or received a blood transfusion were excluded, and only patients with microbiologically proved rifampicin-susceptible tuberculosis were included in the analyses. A random selection procedure was used to select 2 eligible patients on each weekday. As controls, HIV-infected outpatients with CD4 cell counts <350/µL but active tuberculosis were recruited at the Ubuntu Clinic in Khayelitsha. Abbreviations: CBC, complete blood cell; MDR, multidrug resistant; XDR, extensively drug resistant.
or withdraw from the study once they regained capacity to consent. If a patient died before consent was obtained, permission to include his or her data was obtained from the University of Cape Town Faculty of Health Sciences Human Research Ethics Committee.
Procedures
Samples were obtained before initiation of tuberculosis treatment in all patients with HIV-tuberculosis included. Sputum (spontaneous or induced), when produced, was sent for tuberculosis culture and the Xpert MTB/RIF assay (Cepheid). The Xpert MTB/RIF test for urine was performed on concentrated urine samples. MycoFLytic blood cultures (Becton Dickinson Biosciences) for tuberculosis were inoculated with 5 mL of whole blood and cultured for 42 days for patients with HIVtuberculosis. Mycobacteremia was defined as Mycobacterium tuberculosis growing in ≥1 MycoFlytic blood culture, confirmed by GenoType MTBDRplus assay (Hain Lifescience). Drug sensitivity testing for isoniazid and rifampicin was done on all positive cultures. Full blood counts and differentials (Roche XN-10 Sysmex), HIV loads (Abbott M2000 SP/RT) and CD4 cell counts (Beckman Coulter FC 500 Analysis Cellmek Preparation) were performed at the National Health Laboratory Service laboratory. Patients with HIV-tuberculosis were followed up by telephone at 4 weeks and clinical review at 12 weeks. If contact could not be established, regional clinical laboratory and pharmacy systems were used to ascertain vital status at 12 weeks. Controls were screened for active tuberculosis with a tuberculosis symptom screen [24] , sputum culture, and urine and sputum Xpert MTB/RIF assays. They were excluded if results of symptom screen for tuberculosis or any tuberculosis diagnostic tests were positive.
Data Sources and Measurement
Clinical Data
Clinical data were captured from patient files, history and physical examination. Results of study-specific and other relevant tests were captured from the online National Health Laboratory Service database [25] .
Plasma Processing
Citrated whole blood was obtained from patients with HIVtuberculosis and controls and kept at 4°C. Plasma was extracted within 3 hours before being stored at −80°C until further analyses, which were performed at the Academic Medical Center in Amsterdam. Premixed multiplex assays (R&D Systems), performed with a Bioplex 200 system (Bio-Rad), were used to measure concentrations of D-dimer, tPA (both eBioscience), PAI-1, platelet factor 4 (PF-4), protein C, angiopoietin 1 and 2 (Ang-1 and Ang-2), tenascin C, metallopeptidase inhibitor 1 (TIMP-1), cardiac troponin I (cTNI), trefoil factor 3 (TFF3), cystatin C, neutrophil gelatinase-associated lipocalin (NGAL), soluble VCAM-1, soluble E-selectin, and soluble tyrosine kinase with immunoglobulinlike and epidermal growth factor-like domains 1 and 2 (Tie-1 and Tie-2).
Prothrombin time (PT), activated partial thromboplastin time (aPTT), and concentrations of coagulation factors II, V, VII, VIII, IX, X and XI and antithrombin were measured using an automated blood coagulation analyzer (BCS XP, Siemens Healthcare Diagnostics). The fibrinogen concentration was derived from the change in optical signal in PT; the international normalized ratio (INR) was calculated using the mean PT provided by the manufacturer. Protein S (total) and vWF concentrations were measured with in-house assays containing antibodies (Dako). Free protein S was measured by precipitating the C4b-binding protein-bound fraction with polyethylene glycol 8000 and measuring the concentration of free protein S in the supernatant. The activity of a disintegrin and metalloproteinase with a thrombospondin type 1 motif, member 13 (ADAMTS-13) was assessed as described elsewhere [26] , with a BCS-XP automated coagulation instrument (Siemens). Factor I + II (FI + II) was measured using Enzygnost F1 + 2 (Siemens). The DIC score (International Society for Thrombosis and Haemostasis) was calculated based on platelet counts, plasma Ddimer and fibrinogen levels, and PT prolongation, as described elsewhere (Supplementary Table) [9] .
Statistical Analysis
Data were analyzed using SPSS Version 22 (IBM), GraphPad PRISM version 6, and R statistical manager. Categorical variables are presented as percentages, and continuous variables as medians with interquartile ranges. We used χ² or Fisher exact tests for categorical data, 1-way analysis of variance and Student t test for parametric continuous data, and KruskalWallis and Mann-Whitney U tests for nonparametric data. Variables were investigated for their association with time to death in a Cox proportional hazard model, adjusted for confounders. A priori-defined potential confounders were age, sex, antiretroviral therapy status, HIV load and CD4 cell count. A potential confounder was retained in the final model if introduction of the confounder to the model lead to a >10% change of the effect measure.
In a secondary analyses the influence of tuberculosis and mycobacteremia on alteration of biomarkers was assessed. Variables were compared for HIV-infected controls versus patients with HIV-tuberculosis, and for patients with HIVtuberculosis who had mycobacteremia versus those who did not. Patients receiving treatment with prophylactic or therapeutic anticoagulants (warfarin, heparin, or enoxaparin; n = 14) were excluded from analyses involving clotting times, fibrinogen, and coagulation factors (including DIC). All reported Q values were calculated using Benjamini-Hochberg procedures for multiple-testing correction [27] ; differences were considered significant at P < .05 and Q < 0.10 were regarded as significant.
RESULTS
Patients
Of 124 HIV-infected patients with probable tuberculosis enrolled, 59 patients with confirmed rifampicin-susceptible tuberculosis were included in this analysis. Twenty-seven HIV-infected control patients with CD4 cell counts <350/μL and negative results of screening for tuberculosis were included ( Figure 1) . Table 1 displays baseline clinical data for the study cohort. Compared with HIV-infected controls, patients with HIVtuberculosis were more often anemic and had higher white blood cell counts. At 12-week follow-up, 16 patients with HIV-tuberculosis (27%) had died, at a median of 12 days (interquartile range, 0-24 days) after enrollment; no patients were lost to follow-up.
Mycobacteremia was detected in 30 of 59 patients (51%) with HIV-tuberculosis. Rates at 12 weeks did not differ between patients with HIV-tuberculosis with or without mycobacteremia, and mycobacteremia was not associated with decreased survival time (crude hazard ratio, 0.77 [95% confidence interval, .29-2.06; P = .60]; adjusted hazard ratio, 0.84; [.30-2.38; P = .75]).
Activation of the Coagulation System
Coagulation activation can lead to consumption and depletion of coagulation factors. In the comparison between HIV-infected controls and patients with severe HIV-tuberculosis, marked differences were seen in markers of coagulation. PT, aPTT, and INR concentrations were all more increased in patients with HIV-tuberculosis, and concentrations of factor VII were significantly lower (Figure 2 ). Fibrinogen and FI + II concentrations were higher in patients with HIV-tuberculosis than in controls, and PF-4 concentrations were lower (Figure 2 ).
In patients with HIV-tuberculosis who died, fibrinogen concentrations and platelet counts were similar to those in patients who survived, but FI + II concentrations were slightly higher. Lower concentrations of PF-4 were associated with decreased survival time (Figures 2 and 3) . Coagulation factors of the common pathway were most profoundly depleted in patients with HIVtuberculosis who died, in contrast to the intrinsic pathway factors, whose concentrations were similar between patients who died and those who survived (Figure 2 ). PT and INR were more prolonged in patients who died, but there was no difference in aPTT. Lower concentrations of common pathway factors II, V, b Q values for comparisons between HIV-infected control groups and patients with HIV-associated tuberculosis.
c Q values for comparisons between patients with HIV-associated tuberculosis who died and survived.
d Significant at Q < 0.10.
e Five HIV-infected control patients and 9 patients with HIV-tuberculosis were unable to produce sputum. Among patients with HIV-tuberculosis, those with mycobacteremia had lower platelet counts than those with negative blood cultures. No further differences were seen in coagulation markers and clotting times between patients with and those without mycobacteremia (Table 2 ).
Anticoagulant Proteins
Concentrations of anticoagulant proteins antithrombin and protein C were reduced in patients with HIV-tuberculosis compared with HIV-infected controls, indicating decreased anticoagulation in active tuberculosis ( Figure 4A ). These differences were more pronounced in patients with HIV-tuberculosis who died; concentrations of anticoagulant molecules antithrombin and protein S (total and free) were reduced relative to those in patients with HIV-tuberculosis who survived ( Figure 4A ). Lower concentrations of these molecules were independently associated with decreased survival time ( Figure 3 ). No differences in concentrations of anticoagulant proteins were seen between patients with and those without mycobacteremia (Table 2) .
Fibrinolytic Response
Markers of fibrinolysis, D-dimer, tPA, and PAI-1, were increased in patients with HIV-tuberculosis compared with HIV-infected controls ( Figure 4B ). Patients who died had higher concentrations of markers of fibrinolysis than those who survived ( Figure 4B ). Higher concentrations of D-dimer, tPA, and PAI-1 were independently associated with decreased survival time (Figure 3 ). Concentrations of tPA and PAI-1 were higher in mycobacteremic patients than in patients with HIVtuberculosis without mycobacteremia (Table 2) , but there were no differences in D-dimer concentrations.
Activation of the Vascular Endothelium
In patients with HIV-tuberculosis, concentrations of all markers of endothelial activation measured were altered compared with HIV-infected controls, including higher concentrations of vWF, E-selectin, VCAM-1, Ang-2 and Tie-2 and lower concentrations of ADAMTS-13 and Ang-1, leading to an increased Ang-2/ Ang-1 ratio in patients with HIV-tuberculosis ( Figure 5 ). Concentrations of tenascin C and TIMP-1, both markers of matricellular metabolism, were higher in patients with HIVtuberculosis ( Figure 5 ). ADAMTS-13 concentrations were lower in patients with HIV-tuberculosis who died than in survivors, possibly owing to higher concentrations of vWF ( Figure 5 ). Lower concentrations of ADAMTS-13 were associated with decreased survival time (Figure 3 ). In addition, Ang-1 concentrations were lower with higher concentrations of Ang-2, leading to an increased Ang-2/Ang-1 ratio in those who died ( Figure 5 ). Low Ang-1 concentrations and high Ang-2/Ang-1 ratios were independently associated with mortality ( Figure 3 ). There were no differences in concentrations of VCAM-1, E-selectin, Tie-1 and Tie-2 expression between patients with HIV-tuberculosis who survived and those who died. Higher concentrations of matricellular proteins tenascin C and TIMP-1 were independently associated with decreased survival time ( Figure 5B and 3) . Concentrations of vWF and VCAM-1 were higher in mycobacteremic patients than in patients with HIV-tuberculosis without mycobacteremia, whereas concentrations of ADAMTS-13, Ang-1, and Tie-1 were lower ( Table 2 ). There were no differences in concentrations of markers of matricellular homeostasis between mycobacteremic patients and patients with HIV-tuberculosis without mycobacteremia (Table 2 ).
Tissue Injury Markers
The hemostatic changes described above may lead to microvascular thrombosis and organ damage. Markers of intestinal damage (TFF3) and kidney injury (cystatin C and NGAL) were increased in patients with HIV-tuberculosis compared with HIV-infected controls ( Figure 5C ). There were no differences in cTNI, a marker of cardiac tissue damage.
Patients with HIV-tuberculosis who died presented with higher concentrations of TFF3, cystatin C, and NGAL ( Figure 5C ). Higher concentrations of these molecules were independently associated with decreased survival time (Figure 3) . Concentrations of cTNI did not differ between these groups. There were no differences in concentrations of markers of tissue damage between mycobacteremic patients with HIV-tuberculosis and patients without mycobacteremia (Table 2) .
DISCUSSION
We report a procoagulant state in HIV-associated patients with tuberculosis, together with signs of endothelial activation and tissue damage, which was associated with higher mortality rates. Specifically, our main findings are that concentrations for markers of fibrinolysis (D-dimer, tPA, and PAI-1), endothelial activation (Ang-2, Ang-2/Ang-1 ratio, and vWF), extracellular matrix metabolism (tenascin C and TIMP-1) and tissue damage (TFF3, cystatin C, and NGAL) were increased in patients with HIV-tuberculosis who died, whereas concentrations of anticoagulant proteins (total and free protein S, ADAMTS-13 and antithrombin) were decreased. Alterations in the majority of these markers were independently associated with decreased survival time in patients with HIV-tuberculosis. Coagulation activation results in depletion of coagulation factors; this was seen especially for factors involved in the common pathway (factor II, V and X) and lower concentrations of all of these were associated with decreased survival time. Consequently, clotting times (PT and aPTT) were prolonged in patients who died. These changes are likely to be driven by tuberculosis rather than advanced HIV only, as suggested by the more marked alterations of these markers observed in patients with HIV-tuberculosis, compared with HIV-infected controls.
Our study provides an integrated overview of markers of coagulation, endothelial activation, fibrinolysis, extracellular matrix metabolism, and tissue damage alterations in HIVtuberculosis. The early mortality rates [2, 3] and prevalence of mycobacteremia [5, 28, 29] reported here are similar to findings of other studies in Africa, securing the external validity of our study. Ethics committee permission was obtained to recruit drowsy or confused patients with deferred consent, as explained in Materials and Methods. Inclusion of this patient category increases the generalizability of our results to the most critically ill patients, because patients with severe HIV-tuberculosis are frequently confused or drowsy at the time of hospital admission owing to neurological tuberculosis or the severity of their disease.
Decreased concentrations of protein C were associated with tuberculosis in HIV-infected patients, whereas reduced protein S concentrations (deficits in concentrations of both total and free protein S) were associated with decreased survival time. Under physiological conditions, approximately 60% of protein S is bound to the β chain of C4 binding protein; only the free form has protein C cofactor activity [30] . Concentrations of C4 binding protein increase in inflammatory conditions, leading to reduced levels of free (active) protein S [31] . Because protein S is produced predominantly in the liver and endothelium, reduced free protein S may result from liver failure or endothelial dysfunction [32] and/or increased consumption. A previous study showed that HIV-infected patients with bacterial sepsis had more profound deficiencies of free protein S [33] , but that study did not assess associations with death.
Inflammation leads to endothelial activation, inducing release of vWF, which enhances platelet binding and thereby clot formation [34] . Under normal conditions, vWF is regulated by ADAMTS-13 [35] . Ang-1 and Ang-2 are both ligands for the Tie-2 receptor. In healthy individuals, Ang-1 concentrations exceed Ang-2 concentrations, triggering prosurvival pathways and inhibiting proinflammatory responses [8] . These markers of endothelial activation were increased in HIV-tuberculosis, and more profoundly so in patients who died. Previous studies have reported endothelial activation in tuberculosis [20, 36, 37] as well as in HIV infection [38, 12, [16] [17] [18] [19] . One study in HIV-infected women in Kenya showed increased concentrations of Ang-2 at baseline, which decreased with antiretroviral therapy [14] . However, the literature on endothelial activation in HIV-tuberculosis coinfection is scarce. Increased concentrations of Ang-2 indicate a role for endothelial dysfunction in HIV-tuberculosis, possibly contributing to mortality. This might be explained by endothelial dysfunction-related vascular leakage, leading to impaired tissue oxygenation and organ damage [8] . Currently, therapeutic agents targeting the angiopoietin/Tie-2 system and Ang-2 antagonists are being developed and evaluated in cancer treatment [39] [40] [41] . Our findings suggest it may be worthwhile investigating these agents as a hostdirected adjunctive therapy for severe HIV-tuberculosis.
Imbalances in extracellular matrix homeostasis have been described in active tuberculosis, and proteolytic activity of matrix metalloproteinases have been related to dissemination of Mycobacterium tuberculosis [21] . Concentrations of matricellular proteins tenascin C and TIMP-1 were increased in patients with HIV-tuberculosis, and higher concentrations were associated with decreased survival time. This is in agreement with findings of previous studies that have demonstrated increased levels of tenascin C and TIMP-1 in patients with active tuberculosis [42] , with even higher concentrations measured at the site of infection [43] . Matrix metalloproteinase inhibitors have been investigated as cancer treatment [44] and have been suggested for host-directed therapy in tuberculosis [45] . It remains to be established whether these agents may be of value in HIVtuberculosis therapy.
Concentrations of NGAL and cystatin C, both early markers of renal injury, were increased in patients with HIV-tuberculosis and associated with decreased survival time. This suggests renal injury in severe HIV-associated tuberculosis. Likewise, TFF3, a marker of intestinal damage, was elevated in patients with HIV-tuberculosis and associated with decreased survival time. Bacterial product translocation due to dysfunction of the intestinal barrier has been widely described in HIVinfection [46] [47] [48] and has been reported in tuberculosis as well [49, 50] .
Mycobacteremia was not associated with decreased survival time and did not affect markers of coagulation, anticoagulation, extracellular matrix or tissue damage. Markers of fibrinolysis (tPA and PAI-1) had increased concentrations in mycobacteremia, as did markers of endothelial activation VCAM-1 and vWF, whereas concentrations of Ang-1 and ADAMTS-13 were decreased. Mortality rates were high and DIC was frequent in our cohort, regardless of mycobacteremia, suggesting a limited prognostic value of mycobacterial blood cultures in patients with severe HIV-tuberculosis.
Our study has limitations. We do not have data on the cause of death in patients who died. Owing to logistic and sociocultural issues (none of the families gave their consent), postmortem examinations were not performed. Our findings cannot be related to clinical outcomes other than death.
Patients with severe HIV-tuberculosis display a hypercoagulable state that is associated with mortality. DIC is a common finding in this patient category. Our data indicate that activation of coagulation and the endothelium, together with decreased activity of anticoagulant pathways, were associated with depletion of coagulation factors and increased clotting times. This may lead to thromboembolic events, microvascular thrombosis, and tissue damage, as illustrated by increased concentrations for markers of tissue damage. This study is the first to investigate coagulation abnormalities in HIV-tuberculosis and suggests that treatment strategies targeting hemostasis, endothelial activation, and matricellular homeostasis may be of interest for evaluation in patients with severe HIV-tuberculosis who continue to have an unacceptably high mortality rate.
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